For the first time, the standard Gibbs energies of transfer of anions and cations across the nitrobenzenejheavy water interface are reported as measured by an electrochemical technique. The data have been obtained with the help of three-phase electrodes consisting of a nitrobenzene droplet that contains an electroactive compound (either decamethylferrocene to transfer anions or iron(III) tetraphenyl porphyrin chloride to transfer cations), a graphite electrode on the surface of which the droplet is attached, and a solution of the salts with the transferable ions in heavy water. The difference between these Gibbs energies of transfer and those of transfer between light water and nitrobenzene allows calculating the Gibbs energies of transfer between light water and heavy water. The latter vary in the interval from )0.50 to +0.50 kJ/mol with confidence intervals ranging from AE0.054 to AE0.117 kJ/mol.
Introduction
The effect of isotope exchange upon the kinetics [1] [2] [3] of chemical reactions has been used since long to get a deeper understanding of chemical and biological systems. However, there are also interesting effects of isotope exchange upon the thermodynamics of molecular interactions, e.g., solvation. Comparative studies of the solubilities of various compounds in H 2 O and D 2 O as well as studies of solubilities of deuterated or otherwise isotope substituted compounds in water and other solvents have been published [4] . To the best of our knowledge we do not know any publication of data on the ion transfer between heavy water and organic solvents that were measured with electrochemical techniques, although, according to a private communication [5] , such attempts have been made with the help of the four-electrode technique [6] .
The recently developed technique to determine Gibbs energies of ion transfer using three-phase electrodes with organic solvent droplets immobilized on electrode surfaces proved to be useful for various solvent systems, e.g., water/nitrobenzene, water/dichloroethane, water/2-nitrophenyloctyl ether, water/n-octanol, water/menthol [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Since that technique provides rather low standard deviation data and offers an accuracy of the formal-potential measurement of 1 mV, we attempted to measure the small differences in Gibbs energies of ion transfer at the two interfaces H 2 Ojnitrobenzene and D 2 Ojnitrobenzene. We could prove that these small differences can be determined, and more importantly, the data have been determined much below the solubility limits of the salts. This minimizes activity effects and allows a better comparison between the ions. 
Experimental
All the chemicals used were of analytical grade purchased from Sigma-Aldrich, Germany, while suprofen, warfarine, benzoic acid and picric acid were products of Fluka (Buch, Switzerland). Heavy water with 99.9% deuterium was obtained from Groupe Ceci, C.E. Saclay, France. All the salts used were dried at a temperature of 200°C. One mol/l NaOD solution was prepared by dissolving of metallic sodium in heavy water. A droplet with a volume of 1 ll of 0.1 mol/l solution of decamethylferrocene (dmfc) or Fe(III)tetraphenyl porphyrine (Fe(III)TPP) dissolved in nitrobenzene (NB) was attached to the surface of the paraffin impregnated graphite electrode (i.e., the working electrode). The modified working electrode was subsequently immersed in light water or heavy water solutions of different salts containing the transferable anions (when oxidation of dmfc was performed) or the transferable cations (when reduction of Fe(III)TPP was performed). For the voltammetric experiments a specially designed cell was used that needs only 100-200 ll solution [12] . A tube with an inner diameter of 1 mm, filled with saturated solution of KCl (dissolved in light water or heavy water, correspondingly) in Agar-Agar served as a salt bridge between the reference electrode (Ag/AgCl/saturated KCl) and the working cell, while a Pt wire melted into the bottom of the cell served as a counter electrode. Squarewave (SW) voltammetry [17] was used for precise and reproducible measuring the peak potentials which correlate well with the corresponding formal potentials. All measurements have been performed at 24 AE 1°C room temperature. From measurements with thermostated cells we know that there was no measurable difference in peak potentials between 22 and 28°C, so that it is reasonable to use the room temperature measurements for the calculation of the standard values.
1 Typical instrumental parameters were: SW frequency f ¼ 10 Hz, SW amplitude E sw ¼ 50 mV, and scan increment dE ¼ 1 mV. At least 10 measurements were made for each single concentration of each transferable ion in both light water and heavy water, and the average value of the peak potentials was used for calculations. All data were statistically analyzed. The confidence intervals of the DG (for P ¼ 0:9). The standard potentials of dmfc and Fe(III)TPP in NB were the same as reported previously [11, 16] .
Results and discussion
When ions i are transferred once from regular water to nitrobenzene and again from heavy water to nitrobenzene, then the difference between the calculated standard Gibbs energies of transfer of i from light water to NB DG h NB i H 2 O and from heavy water to NB DG
represents the difference of the solvation energies of these ions in heavy and light water: DG
. 
In the Eqs. The determined values of standard Gibbs energies of transfer from light water to heavy water of various inorganic and organic cations and anions, together with some literature data, are given in Table 1 . Obviously, the range of DG The obtained values of the standard Gibbs energies of ion transfer from light to heavy water determined by our approach are not so much different from the values provided by other authors [4] . Table 1 also lists the contributions to the standard Gibbs energies of transfer that are due to the differences in dielectric constants 1 Taking into account the temperature dependence of dielectric constants of water and nitrobenzene it follows from Born theory that a variation of temperature by 1 K leads around 25°C to a shift of peak potentials from 0.1 to 0.3 mV for the studied ions. This is below that what can be detected in our measurements.
(according to simple Born theory [18] ) and those that are due to the Gibbs energy of cavity formation (calculated from the differences in surface tension of light and heavy water). From the values of DG Table 1 one can conclude that most of the studied ions are stronger solvated in light water than in heavy water. The only exceptions are the picrate anion and the tetrabutylammonium (TButN þ ) and tetrahexylammonium (THexN þ ) cations. Table 1 shows that the energies for cavity formation in light and heavy water differ rather strongly so that the transfer of large ions from light to heavy water should be favoured. However, especially for several organic ions (benzoate, suprofene, warfarine, butyrate and acetate), this effect seems to be overcompensated by another term, which might be an enthalpic or an entropic contribution. On the basis of the literature data and theory it seems not to be reasonable to decide what the compensating term is. Generally, it is obvious from Table 1 that the differences in dielectric constants (e H 2 O ¼ 78:40, e D 2 O ¼ 78:03 at 298 K) do not contribute more than 15% to the Gibbs energies of transfer. Some authors [19] ascribe the weaker solubility of various substances in heavy water as a result of the stronger selfassociation of heavy water molecules in comparison with light water.
Conclusions
The previously described approach to determine Gibbs energies of ion transfer with the help of threephase electrodes proved to be applicable to determine the small differences of ion transfer using light and heavy water on one side and nitrobenzene on the other. Although the confidence intervals are rather large, they allow making conclusions about the standard Gibbs energies of transfer of ions between light and heavy water. Thus, we have proved that these values are accessible for single ions by electrochemical measurements. At present it seems that due to several inconsistencies between the data reported and reviewed in the literature [22] it is not possible to judge about the correctness of one or the other values. However, it is clear from Table 1 that our values and those reported was estimated by using the equation: AEtðP ; nÞS= ffiffi ffi n p , where S was the standard deviation in the Gibbs energies of ion transfer and n is the number of the measurements. The value of t (for n ¼ 10, and probability of P ¼ 0:9) was 1.83 [20] .
b Estimated by using the Born electrostatic theory for ion transfer and 298 K [18] . c Estimated as differences between the energies of making a hole in heavy water and light water, by using the values for surface tensions of light water and heavy water [21] .
d Data from [4] by using as a reference the standard Gibbs energy of transfer of Na þ from light water to heavy water, estimated from the value for DH earlier are of the same order of magnitude and rather similar. We believe that the present study will encourage further studies that may lead to reliable data sets and a clear understanding of the isotope effect on the solvation of ions.
